Revisiting the universality of (multiple) star formation in present-day
  star formation regions by Marks, Michael et al.
ar
X
iv
:1
40
5.
39
84
v1
  [
as
tro
-p
h.G
A]
  1
5 M
ay
 20
14
Mon. Not. R. Astron. Soc. 000, 1–12 (2014) Printed 17 September 2018 (MN LATEX style file v2.2)
Revisiting the universality of (multiple) star formation in
present-day star formation regions
Michael Marks,1⋆ Nathan Leigh,2,3 Mirek Giersz,4 Susanne Pfalzner,5
Jan Pflamm-Altenburg,1 Seungkyung Oh1
1Helmholtz-Institut fu¨r Strahlen- und Kernphysik, University of Bonn, Nussallee 14-16, D-53115 Bonn
2Department of Astrophysics, American Museum of Natural History, Central Park West and 79th Street, NY 10024, USA
3Department of Physics, University of Alberta, CCIS 4-183, Edmonton, AB T6G 2E1, Canada
4Nicolaus Copernicus Astronomical Centre, Polish Academy of Sciences, ul. Bartycka 18, 00-716 Warsaw, Poland
5Max-Planck-Institut fu¨r Radioastronomie, Auf dem Hu¨gel 69, D-53121 Bonn, Germany
Accepted ????. Received ?????; in original form ?????
ABSTRACT
Populations of multiple stars inside clustered regions are known to change through
dynamical interactions. The efficiency of binary disruption is thought to be deter-
mined by stellar density. King and collaborators recently investigated the multiplicity
properties in young star-forming regions and in the Galactic field. They concluded
that stellar density-dependent modification of a universal initial binary population
(the standard or null hypothesis model) cannot explain the observations. We re-visit
their results, analysing the data within the framework of different model assumptions,
namely non-universality without dynamical modification and universality with dy-
namics. We illustrate that the standard model does account for all known populations
if regions were significantly denser in the past. Some of the effects of using present-
day cluster properties as proxies for their past values are emphasized and that the
degeneracy between age and density of a star-forming region cannot be omitted when
interpreting multiplicity data. A new analysis of the Corona Australis region is per-
formed within the standard model. It is found that this region is likely as unevolved
as Taurus and an initial density of ≈ 190M⊙ pc
−3 is required to produce the presently
observed binary population, which is close to its present-day density.
Key words: methods: data analysis – methods: statistical – binaries: general – stars:
formation – stars: kinematics and dynamics.
1 ON THE UNIVERSALITY OF STAR
FORMATION
To within the observational uncertainties, star formation has
been observed to be remarkably self-similar in the present-
day Universe. Although theory suggests dependences of the
initial distribution of stellar masses on, e.g., the metallic-
ity (affecting the Jeans mass; Larson 1998; Bonnell et al.
2006) and/or density (Bonnell et al. 1998; Shadmehri 2004)
of a star-forming region, the stellar initial mass func-
tion (IMF) is observed to be indistinguishable from the
canonical Kroupa (2001) IMF in present-day star-forming
events (see reviews by Bastian et al. 2010; Kroupa et al.
2013). In particular, observations of the seven young star-
forming regions discussed in the following have previously
been shown to be consistent with the universal canoni-
cal IMF (see Comero´n et al. 2000; Bontemps et al. 2001;
⋆ e-mail: mmarks@astro.uni-bonn.de (MM)
Muench et al. 2002; Preibisch et al. 2002; Tachihara et al.
2002; Preibisch et al. 2003; Thies & Kroupa 2008).
The formation of stars in binary systems is a dom-
inant channel of star formation (see the recent reviews
by Ducheˆne & Kraus 2013; Reipurth et al. 2014). In a
stellar population the multiplicity fraction, MuF, of stars
which are binaries varies rather strongly between regions.
Values of the MuF may reach up to a global frequency
of ≈ 90 per cent for sparse, young regions like Taurus
(Kohler & Leinert 1998; Ducheˆne 1999) and may be
lower than ≈ 10 per cent in some dense, old globular
clusters (Sollima et al. 2007; Milone et al. 2012). It has
been demonstrated that dynamics play an important
role in modifying a binary population and cannot be
ignored when trying to constrain the initial conditions
of star formation (Kroupa 1995a,b; Giersz & Spurzem
2000; Portegies Zwart et al. 2001; Fregeau et al. 2003;
Ivanova et al. 2005; Trenti et al. 2007; Sollima 2008;
Fregeau et al. 2009; Parker et al. 2009; Kaczmarek et al.
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2011; Marks et al. 2011; Parker & Goodwin 2012;
Leigh et al. 2013). In particular the initial MuF has
been argued to be close to 100 per cent (e.g. Ivanova et al.
2005; Reipurth et al. 2014) and a universal initial binary
population (IBP) has been suggested (Kroupa 1995b).
Even in the pre-stellar phase, Connelley et al. (2008)
show observationally that multiplicity properties evolve on
very short time-scales. The smoothed particle hydrodynam-
ics (SPH) computations of Bate (2009, 2012) demonstrate
that gas-induced alterations of orbital parameters and dy-
namical processing through encounters are non-negligible
during cluster formation. Stahler (2010) describes analyt-
ically the orbital-decay and possible merger of embedded
binary stars. Building on such observations Korntreff et al.
(2012) highlight the importance of gas-induced dynamics
by demonstrating how it can significantly deplete a binary
population for low separations before stars have reached the
main-sequence. We note that such processes are included in
the Kroupa (1995b) IBP used here. In this model a semi-
analytic description of what is termed ’pre-main-sequence
eigenevolution’ treats the effects of orbit shrinking and tidal
circularization due to dissipation of energy and angular mo-
mentum as well as the possible mass transfer between and
merging of binary components.
In contrast, the environment in which binaries form is
probably not universal. It ranges from low-density regions
like Taurus (≈ 6 stars pc−3) to dense star-forming clus-
ters in the Galactic Centre (≈ 105M⊙ pc
−3; Figer et al.
1999). In this context, if the universal IBP is placed inside
environments of different density, the observed differences in
the present-day multiple star content could be attributed to
density-dependent dynamical modification very early on in
the cluster lifetime.
A universality of the IBP in itself would not be surpris-
ing if the IMF is also universal. Through pre-main-sequence
eigenevolution the formation of multiples will influence the
resulting distribution of stellar masses and can thus not eas-
ily be separated from the IMF. This notion led to the formu-
lation of the hypothesis that the IBP ought to be invariant if
the IMF is (Kroupa 2011; Kroupa & Petr-Gotzens 2011). If
this hypothesis were true, the detection of a significant de-
viation from standard IMF shapes in one region would then
also question the universality of multiple star formation in
this region.
However, recently King, Goodwin, Parker & Patience
(2012, in the following K12b) claim to find evidence for non-
universal (multiple) star formation when comparing Tau-
rus (Tau), Upper Scorpius (USco), Corona Australis (CrA),
Chamaeleon (Cha), Ophiuchus (Oph), IC 348, the Orion
nebula Cluster (ONC) and the Milky Way field. Assuming
that densities have not been significantly denser in the past,
K12b analyse the observed multiplicity fractions and sepa-
ration distributions as a function of the present-day stellar
density in these young star formation regions. They find
that the observed separation distributions are largely indis-
tinguishable, in contrast to Kroupa & Petr-Gotzens (2011)
who say that not all present-day populations can stem from
a common parent population. From this, K12b conclude that
stellar-density-dependent dynamical modification of a uni-
versal IBP (referred to as the ’standard model’ by K12b) is
an incorrect description of the observations. Previous work
has however already demonstrated that these very same re-
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Figure 2. Left: two Gaussian (orbital-parameter) distributions
G1(x) and G2(x) = 1.5G1(x) (solid curves) with the same mean
and dispersion share the same probability density function (PDF,
normalized such that
∫
∞
−∞
G1,2(x) dx = 1, dashed curve). Right:
the cumulative distribution function (CDF) for the two Gaus-
sian distributions is constructed from their mutual PDF, i.e. both
G1(x) and G2(x) have the same CDF.
gions are consistent with the standard model, but requires
significantly larger initial densities (Marks & Kroupa 2012).
In this work, we investigate whether the presently avail-
able data distinguish differences in the observed orbital sep-
aration distributions and how statistically significant they
are. In Section 2, we demonstrate that the result of K12b’s
statistical tests meets the expectations of the standard
model. Different possible interpretations of K12b’s results
are discussed in Section 3. We close with a discussion of the
observational evidence supporting the universality hypoth-
esis of multiple star formation in Section 4 and a summary
in Section 5.
2 STATISTICALLY ANALYSING OBSERVED
ORBITAL-PARAMETER DISTRIBUTIONS
A binary orbital-parameter distribution is constructed from
binned data and depicted in diagrams of the MuF (or vari-
ants thereof) versus the parameter of interest. In Fig. 1, the
observed separation distributions for the star formation re-
gions discussed here are depicted. In order to decide whether
two such separation distributions are ’similar’ the aim is to
investigate whether they may stem from similar ’parent dis-
tributions’ using an objective test.
2.1 Tests
One variant that circumvents the need for binning data is the
Kolmogorov–Smirnov (KS) test tailored to determine dif-
ferences or similarities among probability density functions.
In terms of binary populations these probability density
functions are orbital-parameter distributions normalized to
unity. Using a KS test differences between two distributions
are detected only if their shapes are sufficiently different.
Two orbital-parameter distributions which differ in the MuF
but not in shape would thus remain undiscovered by a KS
test (see Fig. 2).
A χ2-test in contrast requires binned data. The advan-
tage over a KS test is, however, that it detects differences
in the MuF even if two distributions are of similar shape. In
other words, the difference between a KS and a χ2-test is
that the ’parent distribution’ to test for in the former is the
c© 2014 RAS, MNRAS 000, 1–12
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Figure 1. Observed separation distributions (points with errorbars) for Cha (Lafrenie`re et al. 2008), CrA (Ko¨hler et al. 2008), Oph
(Ratzka et al. 2005), Tau (Leinert et al. 1993; Kohler & Leinert 1998), USco (Ko¨hler et al. 2000), IC348 (Ducheˆne et al. 1999) and the
ONC (Reipurth et al. 2007) that have been analysed both in K12b and Marks & Kroupa (2012). CrA has additionally been analysed for
this contribution. Overplotted as the thick solid line is the initial binary distribution suggested by Kroupa (1995b). The thin solid line is the
field separation distribution for solar-type stars (Duquennoy & Mayor 1991). Theoretical binary separation distributions as derived from
dynamical processing of the Kroupa (1995b) initial separation distribution function that match the corresponding observational data are
shown as histograms (Marks & Kroupa 2012). The ranges between the dashed lines labelled group (i) (62−620 au) and (ii) (19−100 au)
are the separation ranges referred to as soft and hard, respectively, by K12b. The dashed range labelled group (iii) (19−774 au) is the full
separation range. The numbers in parentheses in the key are the necessary initial stellar densities and the (observationally constrained)
age to evolve the initial distribution into the best-matching separation distribution functions for the observational data.
underlying probability density function while for the latter
it is the actual orbital-parameter distribution.1
2.2 Distinguishability of separation distributions
K12b apply the KS test to the observed separation distri-
butions in three separation ranges (see Fig. 1). They find
most of the distributions to show ’no statistically signifi-
cant differences’. More precisely, however, it is the shapes
of the distributions that are indistinguishable. This is not
surprising given the similar shape among the observed dis-
tributions (Fig. 1). Information about the MuF is lost upon
(intrinsically) normalizing the separation distributions when
applying a KS test. When K12b discuss binned separation
distributions, they are thus actually referring to the under-
lying probability density function. This is evident from their
fig. 3 where they compare a cumulative with a binned sep-
aration distribution.
The regions Tau, Cha, USco and the ONC also analysed
by K12b as well as the Galactic field population have be-
fore been statistically analysed by Kroupa & Petr-Gotzens
(2011). Using a χ2-test for their analysis instead, they ex-
cluded the hypothesis that the canonical solar-type field sep-
aration distribution of Duquennoy & Mayor (1991) is sim-
ilar to the one in Tau with high significance. This instead
suggests ’field-like’ and ’Tau-like’ distributions to have dif-
ferent parent distributions. The remaining tests performed
1 Note, though, that a χ2-test can also be used to distinguish
probability density functions.
by Kroupa & Petr-Gotzens (2011) compared observations
against potential parent distributions rather than observa-
tions among each other.
In order to perform a reasonable comparison with the
K12b analysis, we applied a χ2-test2 to the same observa-
tional data as used by K12b, i.e. imposing the same restric-
tions on separations, contrast limit and mass range.3
Since K12b have separately demonstrated that both the
shape and the multiplicity fractions in their restricted sam-
ples are similar, most of the results from the χ2-test suggest
the majority of tests not to be able to distinguish the re-
spective separation distributions with more than 90 per cent
confidence, although the detection rate is somewhat larger
compared to the KS test.
In group (i) the null hypothesis that two distributions
are similar can be discarded for Tau and ONC with 99.5 per
cent confidence, with 97 per cent for Tau and Oph and with
95 per cent for Tau and Cham. Tau and CrA are different in
group (ii) with 99.5 per cent confidence, Oph and CrA with
97.5 per cent and Tau and Cha with 93.5 per cent. Tau and
Oph in group (iii) are different from one another with 99.5
per cent confidence, Tau and Cha with 96.5 per cent, Tau
and CrA with 93 per cent and Oph and USco with 91 per
cent.
For comparison, K12b find Oph and USco in group (i)
to be different with 92 per cent confidence, and that Tau
is different from both Cha (with 97.5 per cent confidence)
2 As described in Kroupa & Petr-Gotzens (2011).
3 The required data are provided by S. Goodwin.
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Figure 3. Cumulative KS distributions as in fig. 5 of K12b but
generated from one random realization of each theoretical sepa-
ration distribution (Fig. 1) that matches observed data of a par-
ticular star formation region in the standard model.
and CrA (with 92.7 per cent confidence) in group (ii). In
group (iii) no separation distribution can be said to be differ-
ent from one another with more than 90 per cent confidence
according to the KS test.
Whether or not this indistinguishability of most region’s
separation distributions is a surprising result within the
standard model is the subject of investigation in the next
section.
2.3 Comparing separation distributions using
statistical tests: a Monte Carlo approach
The conclusion of K12b that the standard model does not
account for the observations can only be drawn if the sep-
aration distributions are altered enough, and the number
of detected binaries is sufficiently large for differences to be
detected by a KS or χ2-test. Otherwise, dynamics-induced
differences in the separation distributions would possibly re-
main undetected. Marks & Kroupa (2012) tested the stan-
dard model against largely the same observational data as
K12b.4 They found that for each region a solution exists
within the standard model if the initial densities were sig-
nificantly larger than today. The obtained separation distri-
butions are probable parent functions for the observational
data.
Marks & Kroupa (2012)’s results are overplotted for
comparison with the observational data in Fig. 1 (his-
tograms). Notably, the model separation distributions are
mostly bell-shaped. Within the standard model a dense re-
gion will have passed the states of less dense regions (e.g.,
the ONC will subsequently have had the current separation
distributions of Tau, Oph and USco for a short while in
the past; left-hand panel in Fig. 1). From this it can be seen
that the widest binaries are preferentially broken apart. The
key point to take away is that the peak of the separation
distribution migrates to lower separations due to dynami-
cal processing, but the overall distribution shape is roughly
preserved.
As an example, in this section it is assumed that this
model provides the true underlying parent separation dis-
tributions for the observational data. We investigate what
results are obtained if KS and χ2-test are applied to these
distributions. CrA’s separation distribution was not anal-
ysed by Marks & Kroupa (2012) but this has been done
here in the same way. It is found that according to the stan-
dard model CrA is as unevolved as Tau and an initial model
with stellar density ρ = 190M⊙ pc
−3 for its present age of
≈ 1 Myr is required to best match the observed separation
distribution.
Random realizations of the theoretical distributions in
the same three separation ranges as defined by K12b (see
Table 1) are produced as a first step. To do so, the proba-
bility density functions are constructed from the theoretical
separation distributions in the respective groups. Then, a
number of separations according to the number of binaries
actually observed (see table 2 in K12b) are randomly se-
lected.
Due to the nature of the random selection experiment
it cannot be expected that with any realization the observa-
tional results are exactly reproduced, neither for the KS or
χ2-probability values, nor that the lowest probability occurs
for the comparison of the same two regions. For improved
statistical significance, 1000 realizations are drawn for each
region from the theoretical separation distributions and the
statistical tests are applied to each.
4 In contrast to K12b no restrictions on the data were made.
This was not necessary as the data were compared against the
standard model and not among each other.
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Table 1. Groups of separation ranges defined by K12b (columns 1 and 2) and the lowest KS-probabilities for the comparison of two
regions for the observations (column 3) and one particular random realization of the theoretically evolved IBP for each region (column 4,
the same realization as in Fig. 3). The last two columns give the fraction of comparisons for which the null hypothesis ’Two distributions
have the same parent distribution’ were discarded if an arbitrary level of 10 per cent is imposed (column 5 for the observations, column
6 for 1000 MC realizations of the dynamically processed IBP for each region). The numbers in parentheses state the total number of
comparisons performed (columns 3 and 4) and the fraction of comparisons for which the null hypothesis was discarded (columns 5 and
6).
Lowest KS probability Null hypothesis discarded at 10 per cent level
Group Sep. range (au) Observations Processed IBP Observations Processed IBP
(i) 62-620 8 per cent (21) 0.7 per cent, 4 per cent (21) 5 per cent (1/21) 24 per cent (16k/21k)
(ii) 19-100 2.5 per cent, 0.63 per cent (10) 12 per cent (10) 20 per cent (2/10) 14 per cent (8.6k/10k)
(iii) 19-774 15 per cent (10) 9 per cent (10) 0 per cent (0/10) 12 per cent (11.2k/10k)
2.3.1 KS test
The cumulative separation distributions generated from the
randomly drawn separations are compaired pairwise to cal-
culate the probability that the null hypothesis ’Two regions
share similar probability density functions’ be true. Exam-
ples of KS distributions from these random realizations are
depicted in Fig. 3.
A comparison by eye suggests that the cumulative dis-
tributions in each panel of Fig. 3 look similar to each other,
despite originating from the standard model. This is the
same notion arrived at by K12b for the cumulative distri-
butions constructed from the observed data. The lowest KS
probabilities for the comparison between two regions are re-
ported in Table 1 (columns 3 and 4) for these particular
random realizations of each region, as well as for the obser-
vations. The values are rather similar (but occur between
different regions).
Assuming that the null hypothesis is discarded when
the KS probability is lower than 10 per cent, it is counted
how often the KS test delivers probabilities below 0.1 among
all comparisons. The results are reported and compared to
the actual observations in column 5 and 6 of Table 1.
The majority of all comparisons suggest that the null
hypothesis cannot be discarded. Thus, the KS tests for the
random realizations of the theoretical separation distribu-
tions stemming from a standard model produce the same
results as the KS test applied to the observational data.
A different kind of comparison is provided in Table 2.
For each individual comparison of regions it is shown how of-
ten among 1000 random realizations the Monte Carlo (MC)
experiment could discard the null hypothesis at the 10 per
cent level if the data are selected from the theoretical dis-
tributions. This can be interpreted as the probability for
differences between the involved separation distributions to
be detected if the data stemmed from the standard model.
The results are as follows.
(i) Group (i): there are about 10 comparisons with a de-
tection probability between 10-20 per cent. We would thus
expect that for the actual observations, one to two com-
parisons allow the null hypothesis to be withdrawn with at
least 90 per cent confidence. One is observed (tick marks in
the table). About six comparisons detect the two involved
distributions to be different with ≈ 30 per cent probability.
This suggests two comparisons to detect differences among
the observed distributions. None is observed. The difference
between CrA and the ONC’s separation distribution may or
may not be detected according to the MC experiment. It is
not.
(ii) Group (ii): about seven comparisons withdraw the
null hypothesis with a detection probability of ≈10 per cent
each, i.e. zero to one comparisons among the observations
should actually distinguish their respective separation dis-
tributions. It is the case for one. For the remaining three
comparisons, the probability to detect a difference among
the separation distributions is about 20 per cent. A differ-
ence is detected in one test and zero to one are expected.
(iii) Group (iii): all 10 comparisons detect a difference with
≈ 10 per cent probability. We thus expect one test to actu-
ally withdraw the null hypothesis, and this is the case.
2.3.2 χ2-test
In order to perform the χ2-test, the randomly selected sep-
arations are distributed in four bins in groups (i) and (ii),
and in eight bins in group (iii). These are then normalized
to the number of targets searched for companions and the
width of the bins. Binomial errors are assumed. In Table 3,
the same comparison as for the KS test is performed.
(i) Group (i): the difference between Tau and the ONC
is obvious in the standard model and is detected for the ac-
tual observations using the χ2-test. Four comparisons sug-
gest differences to be detected with 40−−70 per cent prob-
ability (average 55 per cent). We thus expect differences for
two comparisons to be actually observed. This is the case.
Five comparisons detect differences in ≈ 30 per cent of the
cases. One to two comparisons among the actual observa-
tions should thus identify differences. None is observed. Four
to five comparisons discard the null hypothesis in 10-15 per
cent of the cases. Zero to One actual comparisons should
thus yield χ2 significance probabilities lower than 10 per
cent. Zero are observed.
(ii) Group (ii): six comparisons discard the null hypothe-
sis at the 10 per cent level with ≈ 30 per cent probability.
We expect thus two comparisons to actually refute the hy-
pothesis that their separation distributions are similar. This
is the case. Three comparisons detect differences at the 10
per cent level in 20 per cent of the cases. For one compar-
ison among the observations, this is actually detected, and
we expect zero to one.
(iii) Group (iii): four comparisons detect differences with
30 per cent chance each. We thus expect a difference to be
observed for ≈ 1 comparison, observed are two. For five com-
c© 2014 RAS, MNRAS 000, 1–12
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Table 2. For the KS test, the table shows how often a particular comparison suggests the null hypothesis that two distributions are
similar can be withdrawn at the 10 per cent level for 1000 random realizations (’detection probability’). The shown percentages vary at
most ≈ 5 per cent in repeated MC experiments. Columns captioned ’obs’ show which comparisons among the actual observations could
(X) and could not (X) withdraw the null hypothesis.
Null hypothesis discarded at 10 per cent level
Compared regions Group (i) Group (ii) Group (iii)
MC obs MC obs MC obs
Cha CrA 16 per cent X 21 per cent X 16 per cent X
Cha IC348 18 per cent X – – – –
Cha ONC 29 per cent X – – – –
Cha Oph 12 per cent X 10 per cent X 10 per cent X
Cha Tau 9 per cent X 9 per cent X 10 per cent X
Cha USco 14 per cent X 10 per cent X 8 per cent X
CrA IC348 25 per cent X – – – –
CrA ONC 44 per cent X – – – –
CrA Oph 16 per cent X 22 per cent X 15 per cent X
CrA Tau 15 per cent X 22 per cent X 13 per cent X
CrA USco 11 per cent X 15 per cent X 14 per cent X
IC348 ONC 42 per cent X – – – –
IC348 Oph 20 per cent X – – – –
IC348 Tau 21 per cent X – – – –
IC348 USco 28 per cent X – – – –
ONC Oph 28 per cent X – – – –
ONC Tau 33 per cent X – – – –
ONC USco 35 per cent X – – – –
Oph Tau 10 per cent X 7 per cent X 11 per cent X
Oph USco 16 per cent X 10 per cent X 9 per cent X
Tau USco 14 per cent X 9 per cent X 8 per cent X
Table 3. Same as Table 2 but for the χ2-test.
Null hypothesis discarded at 10 per cent level
Compared regions Group (i) Group (ii) Group (iii)
MC obs MC obs MC obs
Cha CrA 26 per cent X 35 per cent X 46 per cent X
Cha IC348 18 per cent X – – – –
Cha ONC 17 per cent X – – – –
Cha Oph 10 per cent X 17 per cent X 16 per cent X
Cha Tau 43 per cent X 21 per cent X 27 per cent X
Cha USco 13 per cent X 22 per cent X 28 per cent X
CrA IC348 29 per cent X – – – –
CrA ONC 35 per cent X – – – –
CrA Oph 30 per cent X 37 per cent X 52 per cent X
CrA Tau 24 per cent X 39 per cent X 46 per cent X
CrA USco 19 per cent X 26 per cent X 33 per cent X
IC348 ONC 63 per cent X – – – –
IC348 Oph 22 per cent X – – – –
IC348 Tau 67 per cent X – – – –
IC348 USco 12 per cent X – – – –
ONC Oph 13 per cent X – – – –
ONC Tau 100 per cent X – – – –
ONC USco 30 per cent X – – – –
Oph Tau 47 per cent X 27 per cent X 37 per cent X
Oph USco 16 per cent X 27 per cent X 31 per cent X
Tau USco 31 per cent X 21 per cent X 40 per cent X
parisons, differences should be detected in ≈ 40-50 per cent
of the cases, i.e. ≈ 2 are expected. Observed is a difference
for one.
2.3.3 Dependences on number of observed binaries and
number of bins
We briefly note that the detectability of differences among
separation distributions is dependent on both the observed
number of binaries and the number of bins. By randomly
drawing more binaries than are actually observed in all re-
c© 2014 RAS, MNRAS 000, 1–12
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gions we tested the effect of using a larger number of bina-
ries.
Increasing the number of binaries better probes the un-
derlying parent distributions. If the standard model pro-
vides the true distributions, the detection rate of differences
among these distributions is reduced if a KS test is applied
since the observed distribution shapes are closer to the true
ones. In contrast, the detection rate of differences in a χ2-
test is enhanced since differences in the MuF for individual
bins are more pronounced.
Increasing the number of bins in the χ2-test additionally
reduces the detectability of differences as fewer binaries per
bin enhance the level of noise.
2.3.4 Conclusion
The results from the KS and χ2-test applied to the obser-
vations matches the expectations from the standard model.
This is because the standard model produces separation dis-
tributions which are largely indistinguishable by these tests,
given their similar shape and the observed numbers of bi-
naries. Caution is thus needed when interpreting statistical
tests. Following K12b, one would need to say that the major-
ity of the theoretical separation distributions are the same
and that the standard model is excluded. But this is true
only if densities were not significantly different from today.
As the same results are obtained within the standard
model, both the conclusions by K12b that their ’analysis
strongly suggests that this standard model is incorrect’ and
’binary formation is not the same everywhere and therefore
star formation is not a single universal process’ are suspect.
Applying a KS or χ2-test to the observed separation distri-
butions cannot by themselves confirm or refute the valid-
ity of the standard model, even if the results suggest that
most distributions are indistinguishable. Indeed, the stan-
dard model has already passed the test against the observa-
tions (Marks & Kroupa 2012).
3 DISCUSSION OF FURTHER RESULTS
We continue to discuss K12b’s additional results. The in-
terpretation of these depend on the assumptions concerning
the initial densities of the star-forming regions (Section 3.1),
whether the region’s ages are included in the interpretation
(Section 3.2) and whether the star formation regions here
discussed are representative of star formation environments
in general (Section 3.3). We express our concerns about their
choices and, in turn, the interpretation of their results.
3.1 Which binaries are soft and which are hard?
Using the KS test, K12b find that Tau’s separation distribu-
tion could be different from both Cha and CrA in group (ii).
According to them, this is unexpected in the standard model
as these binaries should not be affected through dynamical
interactions.
Whether a binary with a given separation inside a pop-
ulation is considered rather easy (’soft’, low binding energy)
or difficult (’hard’, large binding energy) to break up in the
course of dynamical processing depends on ’the maximum
density a region reaches/reached that sets the degree of de-
structiveness of encounters – not necessarily the current den-
sity – and therefore differences/similarities between regions
may be due to past differences/similarities’. Thus, a binary
may in principle change from soft to hard, and vice versa,
in course of a region’s history independent of dynamical in-
teractions altering its orbital parameters.
Stellar densities can evolve even (or especially) in
young regions. Mass-loss processes due to stellar evo-
lution (Vesperini et al. 2009) or residual-gas expulsion
(Baumgardt & Kroupa 2007), as well as the energy gen-
erated through binary hardening (Marks et al. 2011) drive
star formation regions into a more extended state. All these
mechanisms act on rather short time-scales (a few crossing
time-scales, i.e. up to a few Myr).5 Observations of molecu-
lar cloud clumps at the verge of star formation are observed
to be denser than the here discussed star formation re-
gions (Mueller et al. 2002; Shirley et al. 2003; Fontani et al.
2005). This might be interpreted as observational evidence
that the progenitors of star formation regions, i.e. dense
molecular clouds, are required to expand to appear in their
present shape.
Bate (2009) reports the velocity dispersion for the
central cluster formed in his SPH computations to be ≈
4 km s−1. When including radiative transfer in his SPH
models, Bate (2012) finds that the overall rms velocity dis-
persion is 5.5 km s−1 in three dimensions and 3.2 km s−1
in one dimension. This is larger than the value adopted by
K12b by a factor of ≈2. Increasing the velocity dispersion by
a factor of 2 quarters the location of the hard–soft boundary
as
ahs = 450
(
σ
km s−1
)−2
au. (1)
Therefore, it might be expected that a larger fraction of
binaries were soft in the past such that more and lower sep-
aration binaries could be dissolved due to encounters within
the same time (Section 3.2) than might be expected from
adopting present-day values.6
K12b’s adopted velocity dispersion, σ = 2 km s−1, as
an upper limit on its present-day value in Tau and USco
(Frink et al. 1997; Kraus & Hillenbrand 2008), results in
ahs = 112.5 au and leads K12b to define the separation
ranges 19-100 au as ’hard’ [group (ii)] and 62−620 au as ’soft’
[group (i); compare Fig. 1]. Kraus & Hillenbrand (2008) ad-
ditionally report observational evidence for small-scale ve-
locity dispersions increasing with clusters density. For the
ONC, it is already σ = 3.1 km s−1 (Fu˝re´sz et al. 2008).
Doubling the velocity dispersion would, however, lower
the hard–soft boundary to ≈ 30 au. This is only about
10 au larger than the minimum binary separation used
5 Later two-body relaxation also tends to increase the central
concentration (assuming that the tidal radius stays roughly con-
stant). Relaxation, however, typically is relevant only on a time-
scale much longer than the age of these regions.
6 As an aside, it is cautioned that this approach relies on averages
and that the break-up of binaries is mass dependent. Whether a
binary is actually hard or soft is relative because it depends on
the parameters of the individual encounter. For example, a binary
being hard according to equation 1 may actually be soft in an
energetic encounter with another star or binary with a velocity
that exceeds the cluster velocity dispersion σ.
c© 2014 RAS, MNRAS 000, 1–12
8 M. Marks et. al.
in their analysis and roughly coincides with the peak
of the semi-major axis distribution for field binaries
(Duquennoy & Mayor 1991; Raghavan et al. 2010). Past
dynamical modification of binaries with separations in
group (ii) were then expected. In this case, it is not jus-
tified to claim that differences in the observed distributions
for group (ii) were inconsistent with the standard model.
What’s more, even if no hard binary in any popula-
tion was ever disrupted, the MuF of hard binaries is lowered
through the dissolution of soft binaries. Consider the multi-
plicity fraction
MuF =
B+ T +Q
S + B+ T +Q
, (2)
where S, B, T and Q are the numbers of single, binary, triple
and quadruple systems, respectively. The MuF decreases in
all separation ranges through a net increase of the denomi-
nator by 1 upon each soft binary disruption (in the denom-
inator, B decreases by 1 and S increases by 2, while when
considering the MuF of truly hard binaries, the nominator
does not change). Thus, if the soft binary MuF in group (i)
is a function of stellar density then the hard binary MuF
in group (ii) is, too, even if the orbital properties of hard
binaries were not modified at all since their formation.
Further effects modifying hard binary populations and
potentially blurring expectations about primordially hard
binaries include the preferential hardening of hard bina-
ries in encounters (the Hills-Heggie law, Hills 1975; Heggie
1975), the break up of hard binaries through stellar evolu-
tion (Ivanova et al. 2005) and ejection of hard binaries from
the cluster centre (Oh & Kroupa 2012; Oh et al. 2014).
3.2 The age–density degeneracy
When discussing binary populations in a particular region
it is not only important to know its (peak) density but also
its age. The older a region the more time there is for binary
processing. This leads to a degeneracy between age and den-
sity. An initially high density cluster of age t(1) may have
the same binary population as a somewhat lower density
cluster of age t(2) > t(1) since dynamical processing in the
latter cluster is less efficient (Marks & Kroupa 2012). This
can be seen for separation distributions of some regions in
Fig. 1, e.g. Oph and Cha have very similar separation dis-
tributions albeit having different ages and suggested initial
peak densities.
As a function of the present-day density, K12b discuss
MuFs within the investigated regions and claim there to
be no significant correlation of MuF with density. Albeit
weak, with the exception of CrA, the data show a corre-
lation of decreasing binary fraction with increasing den-
sity in all groups (fig. 4 in K12b). This could be the re-
sult of density-dependent processing. In the same sense,
Milone et al. (2012) show correlations between the core bi-
nary fraction and core densities for globular clusters.
K12b acknowledge this, but note ’that only Taurus and
CrA have ann MuF more than 1σ above that of the ONC’.
The authors go on to say that this is unexpected as USco,
Cha, Oph, IC348 and the ONC actually span nearly two
orders of magnitude in present-day number density. This
can be reconciled by considering the different ages of these
regions. USco has an estimated present-day density two or-
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Figure 4. Present-day binary fractions in groups (i), (ii) and
(iii) as a function of the initial stellar density as predicted by
Marks & Kroupa (2012). Statistical errors for the multiplicity
fractions as in K12b. Errors in the initial stellar densities as in
Marks & Kroupa (2012). A wide range allowed for the initial den-
sities arises if the observed sample has been small or the bin-to-bin
variation of the multiplicity fraction in the available semi-major
axis range in the observations is large. For USco, the best-fitting
initial density is shown without errorbars as the constraint on its
initial density is poor given the observational data (essentially all
densities are allowed without discarding the null hypothesis).
ders of magnitude below the ONC, at least an age of about
5 Myr (Preibisch et al. 2002) and may be as old as 11 Myr
(Pecaut et al. 2012). To the present day, it thus had at least
five times longer to process its binary population than the
ONC. Cha, being more than one order of magnitude below
the ONC in terms of the present-day number density, has a
median age of 2 Myr (Luhman 2004) and thus had twice the
time to break-up its binaries. The outlier CrA is itself a very
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young region (≈ 1 Myr, Neuha¨user & Forbrich 2008) having
a binary fraction more similar to Tau. USco and Cha having
about half and double the estimated density of CrA, respec-
tively, but a lower binary fraction are both older than CrA.
Thus, taking the observed similar MuF’s plus their ages at
face value, the only weak correlation between present-day
number density and binary fraction is not necessarily a sur-
prising result, even if their corresponding initial densities
were not larger in the past.
Fig. 4 is similar to K12b’s fig. 4, but the observed MuF
is depicted here as a function of the initial stellar density
as constrained by Marks & Kroupa (2012). The correlation
seen between the MuF and the present-day number density
is retained if not enhanced when using the initial density.
In this representation the K12b outlier CrA in fact becomes
the region with the lowest initial density thus providing an
explanation for its large MuF. Also the age-density degener-
acy becomes more apparent here. While Cha and Oph have a
similar present-day MuF, Cha required a slightly lower den-
sity being at least two times older than Oph7 to presently
arrive at the same MuF. An outlier in this representation
seems to be USco but its initial density is not well con-
strained given the observational data (see caption of Fig. 4
and Marks & Kroupa 2012).
In this model, the initial densities are constrained to
be larger than the present-day values by a factor of ≈
10 − 1000 in Marks & Kroupa (2012, see their fig. 5).8
Whether these are realistic values might be questioned. For
example, Wright et al. (2014) argue that the massive OB
association Cygnus OB2 is dynamically young based on the
existence of substructure and might not have been signif-
icantly denser in the past. Cluster half-mass radii in the
model would be required to be significantly smaller than ob-
served for any massive cluster today (Portegies Zwart et al.
2010). The quality of the data are reflected in the large er-
rorbars to these constraints. For example, the best model
for Taurus suggests it to be at least twenty times as dense
as nowadays but it has been shown to be consistent even
with the universal initial distribution (i.e. ’zero’ initial den-
sity; Kroupa & Petr-Gotzens 2011). The presented densities
are however what current observations allow us to constrain.
Rather than the absolute values, the relative differences be-
tween the constrained initial densities are possibly a more
robust model prediction. As the data quality improves, so
will the constraints based on the binary star population.
Until then the absolute values should be treated with some
caution.
It is emphasized that the data show a near perfect,
though weak correlation with present-day density (fig. 4 in
K12b). Thus, without more precise knowledge of the region’s
respective histories, there is no reason to argue that the de-
pendence of MuF on density were too weak for consistency
with the standard model.
7 An age of 3 Myr has been used for Cha in the analysis of
Marks & Kroupa (2012) as an upper limit for its age.
8 The most extreme case reported is the Pleiades (not discussed
here) which requires a density 4000 times its present density.
3.3 Representativity of star formation regions
and their connection to the Galactic field
As clustered star formation is the dominant mode of star
formation (Lada & Lada 2003; Porras et al. 2003), it has
been noted in the past that stars and binaries that make
up the Galactic field population should originate from a
clustered environment (Kroupa 1995a,b; Goodwin 2010;
Marks & Kroupa 2011). Upon dissolution of such aggregates
of stars, their members become part of the wider galaxy.
Based on this notion, K12b add up the binaries
from star formation regions they investigated to com-
pare this integrated population to solar-type field binaries
(Raghavan et al. 2010). They thus implicitly assume that
these seven regions, arbitrarily selected because we happen
to have observational data for them, are representative of
star formation environments that comprise nowadays the
Galactic field.
K12b identify an overabundance of binaries between the
integrated population and the field in group (ii). They con-
clude that ’some regions must underproduce close binaries,
or the nearby young regions are not the source of most stars
in the field’. As we do not know about the frequency a region
of one kind contributed to the presently observed field pop-
ulation, we consider these conclusions to be too strong. If,
e.g., regions of initial densities (not necessarily mass) closer
to that of the ONC were the dominant donators, this would
lead to lower binary proportions in these regions and would
upon integrating also deplete the field binary population.
It is noteworthy, however, that Tau, Oph, Cha and USco
individually exhibit an apparent excess of binaries near the
peak of the solar-type field separation distribution (albeit
with large statistical errors, Fig. 1) as also pointed out by
K12b. For Tau and Cha, the theoretical distribution even
lies well outside the observational error bars. If real, the ori-
gin remains elusive. Nevertheless, as pointed out before, the
standard model is as of today in agreement with the data
(including this excess), meaning that the hypothesis that the
observed distribution has been selected from the theoretical
one cannot be withdrawn with certainty. This finding does
not imply that the shown distribution is actually the true
underlying parent distribution. A different one that better
matches the binary excess and works as well might be in-
vented. Future surveys covering smaller binary separations
need to decide about the reality of this feature.
4 DISCUSSION
In contrast to K12b who claim to rule out universal star for-
mation, we here present further arguments in favour of the
universality hypothesis of multiple star formation (Kroupa
2011; Kroupa & Petr-Gotzens 2011). Whether or not star
formation is a universal process is a key issue that affects a
number of related fields.
Properties of binary populations do show correlations
with (present-day) cluster parameters. Sollima et al. (2007)
show the MuF to anticorrelate with age in 13 low-density
globular clusters, although this is not confirmed when
adding clusters of higher density (Milone et al. 2012). An
even stronger anticorrelation with cluster luminosity is
found for a larger sample by Milone et al. (2008). A similar
c© 2014 RAS, MNRAS 000, 1–12
10 M. Marks et. al.
dependence on cluster mass is reported also for open clusters
by Sollima et al. (2010). Recent results from the ACS sur-
vey confirm these trends (Milone et al. 2012). Leigh et al.
(2013) demonstrate one example of how this anticorrelation
between cluster mass and (core) binary fraction can arise
from a universal IBP.
For example, cataloging the absolute numbers and rela-
tive proportions of different types of stellar exotica (formed
via binary internal evolution) is complementary to con-
straining the universality of star formation, both in clusters
and the field.
The properties of some exotic populations thought to
be descended from binary stars are also consistent with a
universal IBP and MuF. For example, Knigge et al. (2009)
find the number of blue straggler (BS) stars in globular
cluster cores to correlate sub-linearly with the core-mass
(NBS ∝MuF×Mcore). This is expected if all binaries have
a binary (internal) evolution origin and cluster density in-
creases with increasing cluster mass, which is the case for
a weak initial mass-radius relation (e.g. Marks & Kroupa
2012). An analytical model for the formation of BS popula-
tions presented in Leigh et al. (2011) requires an anticorrela-
tion between MuF and cluster luminosity (a proxy for cluster
mass) for better agreement with observed BS populations.
This is naturally expected from the dynamical processing of
binaries, which serves to destroy the binary progenitors of
BSs within the context of the standard model. Santana et al.
(2013) recently considered BS population size as a function
of different cluster properties, extending the pioneering work
of Piotto et al. (2004) to low-density environments. The au-
thors demonstrated that BS population size is roughly con-
stant below a critical cluster density, but decreases mono-
tonically at higher densities. This can be interpreted as ev-
idence that as you move to lower density environments, the
hard–soft boundary is much wider than the separation cor-
responding to the BS progenitors. Thus, below some crit-
ical density, the BS populations should all be roughly the
same fraction of the total cluster mass, which is consistent
with what Santana et al. (2013) see. In future studies, pop-
ulation sizes of these types of exotic populations can offer
insight into constraining the initial cluster density in envi-
ronments where it is difficult to measure orbital-parameter
distributions.
If the initial distributions were wildly different, why
would one expect such behaviour for globular clusters and
exotic populations?
5 SUMMARY
Comparing multiplicity data from seven star-forming regions
using a KS test, King, Goodwin, Parker & Patience (2012,
K12b) found the respective separation distributions to be
mostly indistinguishable. This has been confirmed here using
a χ2-test although the detection rate of differences among
the separation distributions in the investigated regions is a
little larger.
K12b note the distribution’s independence on the re-
gion’s present-day number density which they assume not
to be significantly different from the region’s past. From this
they draw the conclusion that stellar-density-dependent bi-
nary processing from the same universal IBP (the standard
model) is incorrect in describing the observational data and
that star formation cannot be universal.
In order to exclude density-dependent dynamical pro-
cessing of binaries, it would need to be shown that dynamical
processing is inconsistent with the data. This was not tested
for in K12b. Already Marks & Kroupa (2012) show that so-
lutions to the observations exist within the standard model
assuming initial densities were significantly larger. However,
if initial densities were not much different from the presently
observed densities, the standard model with the IBP used
here would fail to reproduce some of the observations.
Here, we additionally demonstrated that neither KS nor
χ2-test are suitable to detect differences among separation
distributions which occur due to dynamical processing in the
standard model. The same statistical results emerge when
the standard model is assumed to be correct. These tests
can thus not refute its validity. A larger number of bina-
ries in the investigated separation ranges could enhance the
detectability of differences among separation distributions
when a χ2-test is applied (but not when a KS test is used
since the separation shape alone is an insufficient tracer of
dynamical processing).
We have further discussed K12b’s assumption that the
present-day density be a tracer of the initial density. While
this may be put to discussion for individual regions, we make
here the case that any region’s stellar density should have
been larger in the past. To be fair, the initial densities as con-
strained by Marks & Kroupa (2012) and possibly required
in the standard model are rather extreme and it is unclear
whether or not these could have been this large. But these
extreme constraints might currently as well be due to the
statistical uncertainties affecting the observations. Unlike
K12b, we further consider an age-dependent categorization
of soft and hard binaries. In continuation, it is cautioned
here (as before in Marks & Kroupa 2012) that there is a
degeneracy between age and initial density of a region in
terms of its present multiplicity properties that may not be
omitted.
Finally, K12b’s discussion about the Galactic field pop-
ulation makes the implicit assumption that the seven ar-
bitrarily selected star formation regions for which observa-
tions happen to be available comprise a representative set
from which the Galaxy field population originates. We con-
sider this unlikely, but acknowledge an apparent excess of
binaries near the peak of the field separation distribution in
individual regions which are unexpected in, but do not rule
out, the standard model. Instead when considering that now-
dispersed clustered star formation regions followed a cluster
mass spectrum, the Marks & Kroupa (2011) binary popu-
lation synthesis models have demonstrated that using the
standard model the Galactic field population is reproduced
upon adding up the contributions from clusters of different
initial densities (both in terms of multiplicity fractions and
distributions). These models, however, require star clusters
to form compact initially.
In summary, after a re-analysis of the observed sam-
ple considered in K12b, we do not find convincing evidence
against density-dependent binary processing, nor do we find
evidence of non-universal star formation. Thus, the data are
consistent with the universality hypothesis. Only if the den-
sities had never been larger in the past would the standard
model in its present formulation not account for all obser-
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vations. Testing whether or not densities decreased to the
present day might perhaps be possible from velocity disper-
sion measurements. A large value might indicate expansion
which, given the youth of most regions, could result from
binary processing of initially denser regions in the standard
model. Gaia might help illuminating the issue. It is how-
ever mandatory to compare such measurements to dedicated
computations of individual regions in order to exclude the
possibility that observed velocity dispersions can occur in
the standard model. In this respect, it might be worth in-
vestigating what parameters set the initial cluster density
and/or size and mass (see, e.g., Marks & Kroupa 2010). If
we could understand what sets the initial density better, the
results we present here show that this would contribute to
answer questions regarding the universality of star forma-
tion.
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